A significant proportion of birds around the world exhibit variation in the timing of egg-laying, taking advantage of intermittent resource pulses to provision their offspring. Quantification of the climatic conditions associated with variation in breeding is essential for understanding reproductive phenology and adaptive responses to a changing climate. We use a novel dataset from Australia to test long-established ideas about which climatic factors may govern avian breeding patterns. We combine ~146 000 breeding observations (first egg-laying dates) from 327 species with daily measures of minimum temperature, maximum temperature and precipitation to examine the responsiveness of bird breeding to local climate conditions. Across five biomes we quantify and compare the difference in temperature and precipitation during each breeding event relative to 'average' conditions at each location (i.e. conditions during the one-year period either side of a breeding event). For a smaller subset of species, we examine responses to temperature and precipitation in birds breeding across multiple biomes. These biomes are arrayed along Australia's north to south temperature gradient, and east to west aridity gradient. We found that breeding is non-random in relation to climate. Within biomes, most species breed when temperature, precipitation, or both were distinctly different than the average conditions. Additionally, there is both intra-and inter-specific variation in the climatic conditions under which species lay eggs across aridity and temperature gradients. Breeding in hot and arid regions is in part driven by the lagged effect of previous rainfall, however, hot temperatures are the primary constraint. These findings imply that opportunistic breeding in response to localised climate, independent of day-length cues, may be relatively common in Australian birds. We conclude that breeding is likely closely associated with patterns of vegetation productivity and food resources, and limited by physiological stress resulting particularly from extreme temperature.
Introduction
Climate conditions are the primary driver of vegetation productivity globally (Cramer et al. 1999 ) and therefore underpin the provision of food resources for birds. Variation in vegetation types and productivity are driven by precipitation and temperature as well as soil characteristics and floristic histories. Previous studies have Variation in the timing of avian egg-laying in relation to climate Daisy Englert Duursma, Rachael V. Gallagher and Simon C. Griffith (daisy.duursma@gmail.com), and S. C. , Dept of Biological Sciences, Macquarie Univ., North Ryde, NSW, Australia. shown that temperature and rainfall can act as surrogates for vegetation productivity which is difficult to measure directly (Churkina et al. 1999 , Cramer et al. 1999 . Water availability limits vegetation growth on 40% of the Earth's land surface while temperature limits it on 33%, and temperature and water availability can be co-limiting (Nemani et al. 2003) . Vegetation productivity directly affects organisms at higher trophic levels by governing the availability of food resources. For birds, this effect can be direct -through the provision of leaf, seed or fruit resources -or indirect by altering the availability of prey items, which feed on vegetation (e.g. invertebrates, small mammals).
Birds time breeding to coincide with suitable abiotic conditions, with selection favouring individuals that produce young when survival is optimal (Cockrem 1995) . Food abundance is a crucial cue for breeding which can inhibit, drive, or maintain breeding activity (Zann et al. 1995 , Visser et al. 1998 , Both 2010a ) and, therefore, determine reproductive success (Visser et al. 2015) . The timing of food resources is highly predictable in some well-studied temperate regions (Lack 1950 , Visser et al. 1998 , Both 2010b . For example, in the northern hemisphere temperate region, day lengthening and increases of spring temperature cue important phenological shifts in plants (Garner and Allard 1923) and invertebrates (Buse et al. 1999) leading to relatively predictable increases in food resources. By contrast, food resource availability fluctuates markedly in areas where plant phenology responds to less predictable cues, such as sporadic rainfall in deserts (Blendinger and Ojeda 2001, Morton et al. 2011) . In these less predictable systems, birds still maintain peak periods where breeding is most intense (Zann et al. 1995 , Stouffer et al. 2013 , Englert Duursma et al. 2017 ), but the climatic cues and constraints on breeding are poorly characterised. An ability to breed with a degree of flexibility in relation to localised climate should increase the viability of offspring and act as a strong selective force in birds (Keast and Marshall 1954) .
Prediction of the phenological responses of birds to climate change requires a synthesis of breeding behaviour in relation to rainfall and temperature across large numbers of species and over multiple vegetation and climatic zones. In Australia, there have been few comparative studies which examine breeding phenology in relation to climate across a significant proportion of the avian fauna due to a paucity of long-term, multi-species datasets. Studies of relatively small numbers of species have been conducted in Australia in both marine (Lynch et al. 2012 , Chambers et al. 2014 and terrestrial systems (Gibbs et al. 2011 , Saunders et al. 2016 , see Beaumont et al. 2015 for a review) showing relationships of breeding and migration to climate. Similarly, a meta-analysis of breeding response to climate change across 66 southern-hemisphere birds found evidence for advancement of breeding (Chambers et al. 2013a ). However, none of these Australian studies establishes a baseline understanding of the flexibility of breeding responses to the highly unpredictable climatic conditions experienced across the Australian landscape (Jiang et al. 2017) . In other regions of the globe, studies have quantified these baseline relationships between avian breeding phenology and climate conditions (e.g. UK and Europe (Crick et al. 1997 , Mysterud et al. 2003 , Jiguet et al. 2007 ), Asia (Ge et al. 2015 , Hua et al. 2016 , North America (Dickey et al. 2008 , Bowers et al. 2016 , and on islands (Wolfe et al. 2017) ), with many others arising from regions with well collated phenological records such as the northern hemisphere temperate zone (Cockrem 1995 , Crick et al. 1997 , Visser et al. 1998 .
Many Australian birds respond with a relatively high degree of flexibility to the abundance of food resources (Keast 1959 , Franklin 2001 , Williams and Middleton 2008 , Morton et al. 2011 ) and the timing and length of breeding differs across biomes (i.e. shortest breeding periods in temperate biomes; longest in tropical biomes (Englert Duursma et al. 2017) ). The duration of breeding (number of days between the 5th and 95th percentile of all egg-laying observations) also differs from other comparable regions of the world, being more than twice as long on average across species in a region of the Australian temperate zone compared to the United Kingdom (Englert Duursma et al. 2017 ) and 1.9 months longer, on average, than other regions of the world, aside from Africa (Wyndham 1986 ). Australia consists of five biomes (desert, grassland, subtropical, temperate and tropical; Stern et al. 2000 , Bureau of Meteorology 2006 . The desert, grassland, and temperate biomes have greater seasonal variation in temperature than the tropical biomes, while the tropical and subtropical biomes have predictable seasonal variation in rainfall (Fig. 1) .
In this study we combine 146 009 observations of bird breeding (first egg-laying dates; FEDs) across 327 Australian species with daily observations of minimum temperature, maximum temperature and precipitation at each breeding location. We use this dataset to quantify and compare the difference in temperature and precipitation during each breeding event relative to 'average' conditions (i.e. conditions during the one-year period either side of a breeding event) for bird species found in each of Australia's five biomes. This analysis compares breeding among bird species sharing a biome (and, therefore, solving a common set of environmental challenges). To complement this analysis, we assess breeding flexibility within single bird species which occur across the continental north to south temperature gradient (n = 19 species) and east to west aridity gradient (n = 53 species).
Assuming temperature and precipitation act as a proxy for food resource availability (gross primary productivity (GPP); kg C m -2 ) and environmental suitability for the raising of young, we hypothesise as follows.
1) Flexibility of breeding is triggered by distinct suites of climatic conditions in different biomes. For instance, in desert and grassland biomes breeding of some species is coupled to total precipitation and the resulting flush in vegetation (Moreau 1950 , Zann et al. 1995 , but many species are more persistent (Morton et al. 2011) . This contrasts to temperate biomes where breeding is more seasonal and cold temperatures constrain breeding due to increased energy demand on females (Stevenson and Bryant 2000) and in years where winters are warm, egg-laying occurs earlier in the year (Forchhammer et al. 1998) . We use the biomes of Australia to test for these differences. We expect climate to be positively associated with breeding through its influence on food availability and quality, while also be negatively associated with breeding, primarily due to extreme climatic conditions that reduce the survival of parents, young and embryos.
Figure 1 presents a conceptual framework for how we expect breeding to respond to climate and subsequent vegetation productivity (GPP). In the temperate biome of Australia (dark blue in Fig. 1 ), we expect cold temperatures, and the associated decrease in food resources, to constrain the timing of breeding for many species. We expect breeding in desert and grassland biomes to be limited by precipitation (brown and orange respectively in Fig. 1 ). We also expect breeding in these biomes to be constrained by extreme summer temperatures (Englert Duursma et al. 2017) , thus realised climate niches associated with breeding should be less than yearly average maximum temperatures. Although breeding is less seasonal in tropical biomes, several studies have shown that more individuals breed during the end of the dry and beginning of the wet seasons but the number of species breeding is relatively constant throughout the year (Stouffer et al. 2013 , Englert Duursma et al. 2017 ). Other studies have found breeding peaks in response to sporadic rainfall during the rainy season (Poulin et al. 1992 , Hau 2001 ) and in subtropical regions breeding may increase in response to changes in spring temperatures (Repenning and Fontana 2011) . We expect species breeding in the tropical and subtropical biomes (green and turquoise respectively in Fig. 1 ) to have a mixed response to precipitation and that in the subtropics cool winter temperatures may constrain breeding for some species. Additionally, the southern hemisphere has a higher proportion of nomadic and partially migratory species and migration is not as tightly linked to spring when compared to the northern hemisphere (Chambers et al. 2013b) . Therefore, 
(B) Cockrem 1995 , Forchhammer et al. 1998 , Stevenson and Bryant 2000 Poulin et al. 1992 , Allen et al. 2010 , Stouffer et al. 2013 , Englert Duursma et al. 2017 Zann et al. 1995 , Morton et al. 2011 , Englert Duursma et al. 2017 Figure 1. Conceptual model of the relationship between climate and the intensity of avian breeding across five biomes (tropical, subtropical, temperate, grassland, desert) . (A) The map shows Australia's biomes (Stern et al. 2000 , Bureau of Meteorology 2006 and for each biome the kernel density estimates (B) of bird breeding observations are given using coloured lines and the numbers are the month of the year. (C) Plots show the long-term averages of monthly mean maximum temperature (T max ), monthly mean minimum temperature (T min ), and monthly total precipitation at the locations within the biomes where breeding was observed. The gray scale in plots represents the hypothesized relationship between the intensity of breeding (darker shade indicates greater breeding intensity) and the climate variable from the literature for each biome (references shown). Climate data comes from the Australian Water Availability Project (Jones et al. 2009 ) via < www.bom.gov.au/jsp/awap/ >, and GPP is MODIS derived using the DIFFUSE algorithm with three-veg-type parameterisation (Donohue et al. 2014 ), available from < www.auscover.org.au/purl/modis-gpp-diffuse-model >.
we tested the associations between precipitation and breeding events in five 30-d periods and assessed if migratory (obligatory migrants and partial migrants), non-migratory and opportunistic species had different associations with precipitation.
2) Precipitation has a lag effect on the productivity of vegetation (Noy-Meir 1973) which will be important for determining food availability for successful bird breeding, particularly in desert and grassland biomes. We tested this hypothesis by looking for associations between precipitation and breeding events in five, 30-d periods starting at 1, 31, 61, 91 and 121 d before egg-laying dates in the desert and grassland biomes. In desert and grassland biomes of Australia, precipitation events vary on decadal-scales resulting in irregular pulses of vegetation growth separated by periods of drought and annual and interannual precipitation events are typically small in magnitude (Morton et al. 2011) . Variation in precipitation is largely caused by anomalies in sea-surface temperatures and sea-level pressures from El Niño-Southern Oscillation and the inter-decadal Pacific Oscillation. In response to this variation many species in Australia are opportunistic or nomadic, especially in the desert region, and this helps species to respond to intermittent food resource (Morton et al. 2011 , Englert Duursma et al. 2018a . Australian desert birds are commonly suggested as being some of the most opportunistic globally in terms of conditions during breeding (Keast 1959 ) and have earlier egg-laying phenology than other Australian biomes (Englert Duursma et al. 2017 ).
Methods Observations
Breeding occurrence records (latitude and longitude coordinates and date of breeding observation) were collated from conventional records of avian breeding (Birdlife Australia's atlas (Barrett et al. 2003) and nest record scheme), and non-conventional sources (historical museum egg collection, Australian Bird and Bat Banding Scheme and eBird (eBird 2015)). A complete list of institutes and persons who collected the data or are custodians of the observations is available in Supplementary material Appendix 1 and the observations are in Appendix 2. Observations were divided into four types: multi-visit (occurrence records of a nest that was visited multiple times and for each visit the breeding stage was recorded, such as eggs, egg hatch, or young), egg(s) (single observation of eggs), young (single observation of young), and undefined (observation that states breeding was occurring but no information of breeding stage). Preference was given to observations that were multi-visit, young, and eggs, and for species that had at least 100 of these observations in a biome. We excluded undefined observations because of their lower accuracy in defining breeding stage (Englert Duursma et al. 2017) . The date of breeding observations were back-calculated to first egg-laying dates (FEDs) following the methods provided in Englert Duursma et al. (2017) . Briefly, differing by the observation types, the date of each breeding occurrence record was back-calculated to the FED by subtracting one or more species-specific life-history periods: period of lay (average number of days it takes to lay a clutch), length of incubation, and fledging period (Englert Duursma et al. 2017) . For example, to find a FED of an occurrence record of an egg, we averaged FEDs back-calculated when we assume 1) all eggs are laid but incubation has not begun, thus we subtract the period of lay from the observation date, and 2) incubation is complete but eggs have not hatched, thus we subtract both the length of incubation and the period of lay.
Breeding occurrence records were limited to those made after 1912 to match the temporal extent of available climate data. Only one occurrence at a specific location on a specific date was retained to reduce the effect of variation in sampling intensity due to the type of method used (i.e. sampling along a transect versus sampling over many hours using a mist net). Species were limited to those with a minimum of 50 breeding observations in at least one of Australia's biomes (based on a national modified Köppen classification system where tropical and equatorial regions were combined; Stern et al. 2000 , Bureau of Meteorology 2006 . We excluded those species whose breeding habitat is restricted to coastal islets, beaches and mangroves according to Garnett et al. (2015) . Our final dataset consists of 146 009 breeding observations (Supplementary material Appendix 2), across 327 bird species from 16 of the 22 bird orders in Australia (Garnett et al. 2015 ; see Supplementary material Appendix 3 for a complete list of species and their taxonomic classification). Passeriformes were the most common order, with 180 species, while Psittaciformes had 30 species, followed by Anseriformes and Pelecaniformes with 17 species, and Accipitriformes with 16 species. In our analyses we assess 251 temperate breeding species, grassland n = 180, desert n = 76, subtropical n = 136, and tropical n = 46.
Climate data
Three climate variables were the focus of our study: minimum temperature (T min , °C), maximum temperature (T max, °C) and precipitation (mm). Daily data for each was accessed from Australian Water Availability Project (AWAP; Jones et al. 2009 ) via < www.bom.gov.au/jsp/awap/ > at a 0.05° × 0.05° resolution. We used 30-day aggregates (i.e. one month) of daily climate data to quantify differences in the temperature and precipitation 'during' each breeding event relative to 'average' conditions (i.e. conditions during the one-year period either side of a breeding event). Specifically, for each occurrence record, we calculated two metrics for each of T min , T max and precipitation: 1) a 30-d mean for temperatures and 30-d total for precipitation centred on the FED, and 2) a two-year mean for monthly temperature and monthly precipitation centred on the month of the FED and including the 12 prior months, observation month, and 11 subsequent months, hereafter referred to as average climatic condition.
These average climatic conditions approximate the typical conditions that a bird may potentially be breeding over during a biologically relevant period.
The two-year averages are particularly relevant for Australia, verses a long term average such as 50-yr, given that much of the country can experience long-term droughts (Morton et al. 2011) , and species will either primarily exist in refugia or move to locations where the drought is less severe (Klein et al. 2009 , Tischler et al. 2013 ). In the semiarid and arid regions of Australia, an assessment of 42 species found that species spatial distributions varied considerably and the central-north Australia was a key area of refugia during drought (Runge et al. 2016) .
To assess if species breed in response to precipitation in the months prior -the hypothesised 'lag effect' -in the hot, arid biomes of Australia (i.e. desert and grassland) we used five, 30-d total precipitation periods. That is, for each FED, using the daily AWAP data, we determined 30-d total precipitation for five, 30-d time intervals there were before the FED (i.e. 1-30, 31-60, 61-90, 91-120, 121-150 d, respectively) . Hereafter these time-lag intervals are referred to as 1-month, 2-month, 3-month, 4-month, and 5-months lagged precipitation.
To assess breeding variation in relation to north-south temperature and east-west aridity gradients we combined observations from tropical, subtropical, and temperate regions (temperature gradient) and the temperate, grassland, and desert regions (aridity gradient; see A table of species occurrence records, the associated biome and average climatic conditions at the location of each breeding record and climate surrounding the first egg being laid in each nest -the 'breeding climate' are available in Supplementary material Appendix 2.
Migratory status
To assess if non-migratory, migratory, and nomadic species laid eggs when temperature and precipitation were different than the average climatic condition, we used data on species migration status published in Australian Bird Data ver. 1.0 (Garnett et al. 2015) . Species were separated into three groups, those where dispersal was largely limited to juveniles over small distances (non-migratory, n = 136), species where some or all individuals disperse after breeding (migrant, n = 20), and species whose annual movement is irregular in direction and timing (nomadic, n = 28). The remaining species were classified as having several types of movement depending on location (n = 143). See Supplementary material Appendix 3 for species level information.
Analyses
All analyses and visualisations were carried out using R 3.3.3 (R Core Team) using base packages, 'data.table' (Bivand and Lewin-Koh 2017) , 'raster' (Hijmans 2016) , 'lme4' (Bates et al. 2015) , and 'multcomp' (Hothorn et al. 2008) . Results of statistical analyses were considered significant at p < 0.05.
We deliberately focus our analyses on the role of contemporary climate conditions in shaping the phenology of egglaying whilst acknowledging the complementary role that shared evolutionary history may also play in determining patterns of breeding (see Supplementary material Appendix 3 for results of each species, their avian order and biome combination).
To assess if the breeding occurrence records were spatially autocorrelated, we used the R package 'nlme' (Pinheiro et al. 2017) to fit a linear mixed-effect model and calculated a spatio-temporal sample variogram of the model residuals. The FEDs were converted to the day of the year that breeding occurred, such that 1 January = 1, 1 February = 32, etc. The linear mixed-effect model tested if all individual FEDs, converted to the day of the year, differed by biome. Random effects were species nested in taxonomic order, and year was a fixed effect. The semi-variance plot of the model residuals was horizontal indicating no evidence of spatial autocorrelation (Zuur et al. 2009 ).
To assess within each biome whether the climatic conditions under which birds lay their eggs differ from average climate conditions around breeding events, we used paired t-tests. That is, for each species, we performed three paired t-tests to compare the mean 30-d T min , T max , and 30-d total precipitation centered on the FEDs to the average monthly T min , T max , and precipitation. This analysis allowed us to assess the climate during egg-laying was significantly different than the average climate at those same locations. Birds species assessed and the number of observations for each species/biome combination are recorded in Supplementary material Appendix 3.
To establish if precipitation has a lag effect on the timing of reproduction in desert and grassland biomes, we used paired t-tests to determine if there were significant differences between the average climatic conditions and the lagged precipitation. We tested lagged precipitation at 1-month, 2-month, 3-month, 4-month, and 5-months prior to breeding to determine at what period the effect was the greatest. 3-month lagged precipitation had the greatest effect and is the only time period used in additional analysis where lagged precipitation is of interest. See Supplementary material Appendix 3 for results of all paired t-tests for all months of lagged precipitation.
To assess if species breed under significantly different climatic conditions in the biomes across the temperature gradient and the aridity gradient, we fit linear mixed effects models, using 'lme4' (Bates et al. 2015) . In all models, the climate variable and biome were fixed effects and species and taxonomic order were random effect with differing intercepts. The taxonomic order was included to account for the potential effect of shared ancestry. For the temperature gradient, we performed three analyses; the climate variable was 30-d T max , T min or precipitation. The aridity gradient analyses followed the same procedure, but 3-month lagged precipitation was included as an additional climate variable. ANOVA was calculated using analysis of deviance table (type II Wald F tests using Kenward-Roger approximation for degrees-offreedom) and Tukey's pairwise comparisons in the 'multcomp' package (Hothorn et al. 2008 ) were used to determine if differences between biomes were significant.
Data deposition
The breeding bird occurrence records and climatic data used in this study were collated from a variety of online databases, institutes, and persons (for a complete list institutes and persons, please see Supplementary material Appendix 1). Although most of this data is freely available, redistribution is restricted by license. To make this study reproducible, we have made available a table of occurrence records with biome of occurrence and 30-d means of daily T min and T max , 30-d total precipitation, 30-d lagged precipitation at 5 monthly intervals, and the two-year means of T min , T max , and monthly precipitation for the 146 009 observations used. This data is available in Supplementary material Appendix 2. We have removed the latitude and longitude coordinates to meet the conditions of our license with data providers. Data is available from: < https://doi.org/10.6084/m9.figshare.6175796. v1 > (Englert Duursma et al. 2018b ).
Results

Comparisons of climate during breeding relative to average conditions
The difference between climate conditions during breeding and average conditions varied considerably between biomes (Fig. 2) . The majority of the species in the arid biomes (desert and grassland) laid eggs when conditions were cooler than the average conditions. In the desert, 84% of all species (n = 76) laid eggs when T max was significantly cooler than the average conditions. T max during breeding, for the desert breeding species, was 3.9°C (SD = 1.9°C) less than expected. Similarly, 57% of grassland species (n = 180) laid eggs when T max significantly cooler (2.8°C, SD = 1.4°C) than expected. The results for T min were very similar; with 87% of species in the desert and 61% of species in the grassland breeding at significantly lower temperatures than expected relative to two-year average conditions. The favouring of cooler conditions for breeding was not apparent in the remaining biomes (Table 1) .
Non-migratory species and nomadic species also favoured cooler conditions in the desert (n = 24 and n = 15, respectively) with 100% of non-migratory species, and 73% of nomadic species breeding under significantly cooler conditions (T max ) than average ( Table 2) . We assessed only 3 migratory species in the desert, of these, one bred when conditions were significantly cooler than average. In the grassland non-migratory species (n = 66) followed the same pattern, while nomadic species (n = 24) had a mixed response with 38% of species breeding when conditions were significantly cooler than average and 38% breeding when conditions were significantly warmer.
Precipitation during breeding was significantly lower than average in four of the five biomes studied. In the subtropical and tropical biomes, the mean precipitation during breeding, across all species (n = 139 and n = 46, respectively), was less than the average conditions, although with considerable variation (12%, 13 +/-20 mm, and 20%, 28 +/-52 mm lower, respectively, Table 1 ). In both biomes ~50% of species laid eggs when precipitation was significantly lower (although ~10% of species laid eggs when precipitation was significantly greater than average). Non-migratory species in the tropical and subtropical regions had the same preference, and the low number of migratory and nomadic species prevent the drawing of conclusions (Table 2 ). The remaining species did not have significant differences between precipitation during breeding times and average conditions (Fig. 2) . In the temperate and desert biomes precipitation during breeding was also lower than average (2.5 and 6.3 mm drier, respectively, Table 1 ) and among the temperate species, 25% of species had significantly lower observed precipitation and 15% had greater. While in the desert biome, 66% of species laid eggs when precipitation was lower than average, with only one species breeding when precipitation was higher.
Intraspecific variation across biomes
Individual species which breed in multiple biomes across the north to south temperature gradient (the tropical, subtropical, and temperate biomes) do so at significantly different temperatures [F (2, 36) = 141.3, p < 0.001]. The results for T max and T min were similar; therefore we only report the results of T max . The warmest breeding temperatures were observed in the tropical biome and coolest in the temperate biome (Fig. 3A) . There was no significant difference in breeding in relation to precipitation across the gradient [F (2, 36) = 2.0, p = 0.14] (Fig. 3B) .
The east to west aridity gradient includes the temperate, grassland and desert biomes and precipitation during egg-laying was significantly different in all biomes [F (2, 104) = 320.9, p < 0.001] with the driest breeding conditions in the desert (Fig. 3D) . Three-month lagged precipitation Table 1 . Results from paired t-tests comparing observed and average climate conditions during avian breeding across 327 Australian bird species in five biomes (temperate breeding species n = 251, grassland n = 180, desert n = 76, subtropical n =136, tropical n = 46). Observed climate is the mean (temperature) or total (precipitation) 30-d climate conditions centred on the first date of egg-laying (first egg date; FED) at locations where breeding occurred. Average climate is the mean of monthly conditions over two-years centred on the month of the FED. Climate variables examined are: mean maximum temperature (T max ), mean minimum temperature (T min ), and total precipitation (precip). We report the number of species that breed when climatic conditions are significantly warmer or cooler the average conditions. The remaining species had no significant difference. Observed and average climate conditions are reported as mean ± standard deviation. For species level results see Supplementary material Appendix 3.
Biome
Cooler than average (n) Warmer than average (n) Table 2 . Results from paired t-tests comparing observed and average climate conditions during avian breeding for species where dispersal is largely limited to juveniles over small distances (local movement, n = 136), species where some or all individuals disperse after breeding (migrant, n = 20), and species whose annual movement is irregular in direction and timing (nomadic, n = 28). Species whose populations are classified as having several types of movement were excluded from this table (n = 143). Observed climate is the mean (temperature) or total (precipitation) 30-d climate conditions centred on the first date of egg-laying (first egg date; FED) at locations where breeding occurred. Average climate is the mean of monthly conditions over two-years centred on the month of the FED. Climate variables examined are: mean maximum temperature (T max ), mean minimum temperature (T min ), and total precipitation (precip). We report the number of species (n) per biome with each type of dispersal type, and n species that breed when climatic conditions are significantly above or below the expected average conditions. The remaining species had no significant difference. was also significantly different, with breeding in the temperate biome being wetter, while breeding in the desert and grassland biomes did not significantly differ from each other [F (2, 104) = 148.23, p < 0.001]. There was also a significant difference in temperature for the three biomes [F (2, 104) = 85.869, p < 0.001], with the desert being the warmest at the times species were laying eggs (Fig. 3C ).
Lagged precipitation
Based on the paired t-tests, at least half the birds in the arid regions of Australia breed in response to 3-month lagged precipitation. In the desert and grassland lagged precipitation was significantly greater than average precipitation at all lagged time-periods (Table 3) , except 1-month prior to egg-laying in the desert, when, across all species, lagged precipitation was 2.8 mm less than the 2-yr average. The relationship between lagged precipitation and the timing of breeding peaks around 3-months prior to the FEDs. For this period, 51% of species in the desert (63% in the grassland) breed when lagged precipitation was significantly greater, and just 6% (1.5% in the grassland) of the FEDs across these species were recorded when there was a near absence of any precipitation (< 10 mm) during the entire 3-month period prior to the FED (Table 3 , Supplementary material Appendix 3). Additionally, half the species in the desert (49%) and 37% of species in the grassland show no evidence of a lagged reproductive response to precipitation in any of the period examined (up to five months prior to breeding).
Discussion
We believe this is the first large-scale, multi-biome work that investigates how temperature and precipitation influences flexibility in avian breeding. We found that 1) in five different biomes, the majority of species breed when either temperature, precipitation, or both were distinctly different than the average climatic conditions, 2) species that breed across large climatic gradients are adapted to localized climate and use different suites of climatic conditions, and 3) although lagged rainfall does emerge as an important driver of breeding in hot and arid regions, hot summer temperatures may constrain breeding to a greater degree (Table 1 , Fig. 2 ). These three findings suggest that the majority of bird species breed under distinct suites of climatic conditions when food resources are most abundant and the physiological stress from extreme temperature or rainfall is likely to be low. Determining the exact drivers and constraints of opportunistic and flexible breeding over an ecologically and climatically diverse land-mass is a complex task due to the diversity of species and their various life history, breeding, and feeding strategies. Opportunistic breeders respond to a variety of environmental factors to time breeding (Cockrem 1995, Hahn and MacDougall-Shackleton 2008) and in regions with low seasonality of climate following these cues can increase the ability of a species to breed successfully (Hau et al. 2004) . Much of what we know about seasonal breeding is derived from temperate regions with ornithologists from North America and Europe applying their knowledge of seasonal food resources and peaks in breeding to other biomes (Stouffer et al. 2013) . Although all biomes in Australia are less seasonal than the temperate biome of the Northern Hemisphere (Englert Duursma et al. 2017) and in all biomes egg-laying was observed in every month, most species still had either temperature or precipitation driving or apparently constraining their breeding activity. In the hot arid biomes of Australia, we found that breeding in most species is associated with seasonal temperatures in addition to lagged rainfall, but there was no indication that breeding was solely a response to seasonal variation in rainfall. This contrasts to the assumptions of many previous studies that have suggested rainfall was the ultimate driver of breeding in deserts (Zann et al. 1995, Burbidge and Fuller 2007) , although even within these studies it was noted that breeding did not occur after every rainfall event. It is worth noting that of all the biomes in this study, the desert biome has the greatest seasonal fluctuation of temperature (Fig. 1) . Our findings suggest that seasonally modulated maximum temperatures in the hot arid regions constrained breeding to a greater degree than highly variable precipitation. Other studies of desert breeding birds have come to the same conclusion, but focus on a small number of species (Barrientos et al. 2007 , Cunningham et al. 2013 .
The position in the food web and species preferred food source may play a role in species response to lagged rainfall. Jaksic and Fariña (2010) found that following rainfall events, granivorous and insectivorous birds respond to the associated peak in grains and insects, while carnivorous birds had delayed responses corresponding to increases in mammal populations. We have provided species level results coupled to a list of the food resources which provide the majority of nutrients and energy for each species (Supplementary material Appendix 3) to allow for comparison of these patterns.
Some species laid eggs when the climatic conditions were quite different than the majority of species observed within the same biome (Fig. 2) . Much of this variation can be explained through preferred food resources and behavioural differences. For instance, in the tropical and subtropical biomes the vast majority of species breed when rainfall was below average, but 15 species breed when conditions were significantly wetter than expected based on the 2-yr averages of precipitation (Fig. 2) . These species occurred across six orders, with eight of the species being waterbirds and 11 of the species feeding on invertebrates for at least some of their diet (Garnett et al. 2015) . In tropical regions characterised by wet and dry seasons many freshwater, estuarine, marine and terrestrial invertebrates increase in abundance during the wet seasons (Poulin et al. 1992, Williams and Middleton 2008) . Likewise during breeding and the raising of offspring, many bird species increase the amount of invertebrates consumed (Poulin et al. 1992) . Typically flowers and fruits, in the wet/dry tropics, are greatest during the late dry and early wet periods (Poulin et al. 1992) , and this corresponds to the period where the greatest number of individuals are laying eggs (Stouffer et al. 2013 , Englert Duursma et al. 2017 ). In the desert biome, the hoary-headed grebe Poliocephalus poliocephalus breeds when the observed temperatures are well above the 2-yr average in contrast to the majority of other species in this biome (Fig. 2) . Historically this species did not breed in the arid interior of Australia, but it now breeds in artificial water bodies indicating that human Table 3 . Results from biome-level paired t-tests comparing breeding behaviour in reponse to lagged and average precipitation across 76 Australian bird species in the desert biome and 180 species in the grassland biome. Lagged precipitation is the summed total of 30-d of precipitation, where month 1 corresponds to days 1 through 30 before the first-egg date (FED), month 2 is for days 31 to 60 before the FED, and so on. Lagged preciptiation values are reported as mean ± standard deviation. Average precipitaiton is the mean of 30-d total precipitaiton over two-years centred on the month of the FED. We report the number of species breeding at significantly greater lagged precipitaiton (n species), relative to average precipitation (desert = 21.9 ± 4.4; grassland = 33.8 ± 10.5), and the percentage difference in lagged precipitation when compared to the average precipitation. Significance was tested using species-level paired t-tests. modification of the landscape can broaden the breeding niche of species. Breeding phenology of species in the desert and grassland biomes of Australia are earlier than those in other biomes and it has been hypothesized that this may have evolved to limit exposure to summer maximum temperature's (Englert Duursma et al. 2017 ). Our analysis of T min and T max supports this hypothesis, with more than 80% of the species in the desert and 50% in the grassland breeding when temperatures were cooler than expected. Preventing exposure to extreme temperatures is critical for embryonic development, perhaps more so than constancy of temperatures. For most passerine species the upper thermal limit of core egg temperatures is between 43°C and 44°C and prolonged exposure to high ambient temperatures can be lethal or greatly reduce hatchability (Webb 1987 , Stoleson and Beissinger 1999 , DuRant et al. 2013 . In desert regions, eggs can reach their thermal limits rapidly when exposed to direct sunlight (Carey 2002) and when eggs are exposed to very warm temperatures, 'ambient' incubation can occur, reducing incubation time and decreasing hatch synchrony (Griffith et al. 2016) . Furthermore, reproduction in extreme heat could also be compromised by the effect of high ambient conditions on fertility, with a recent experimental study indicating a decline in the quality and motility of sperm in the desertliving zebra finch (Hurley et al. 2018) . It is worth noting that even in some areas of the temperate biome daily maximum temperatures in the summer can be well over 40°C (Bureau of Meteorology 2009 , Jones et al. 2009 ).
In the tropical and subtropical biomes of Australia, egglaying events for about half of the species occurred when rainfall was significantly less than average. This indicates that, at least for half the species in these regions, high levels of rainfall are associated with reduced fitness. In tropical regions, which have a seasonal dry period, flowering, fruiting and flushing of leaves typically occur at the start of the wet season (Poulin et al. 1992 , Schaik et al. 1993 , and for many species this would be a peak in food resources. Additionally, excessive moisture in the nest environment during the wet season can substantially reduce successful hatching of eggs due to inadequate gas exchange (Walsberg and Schmidt 1992) .
In conclusion, the distinct suites of climatic conditions under which most species breed (Supplementary material Appendix 3), exemplifies how climate can influence the timing of breeding through food resources abundance as well as through the likely reduced survival of adults, juveniles and embryos under both extreme temperature and rainfall. This is likely to profoundly affect many aspects of physiology, behaviour, and life-histories of Australian birds. Here we have demonstrated both inter-and intraspecific phenological variation to climate in five biomes. Understanding variation in breeding behaviour in relation to temperature and rainfall in multiple biomes and across many species allows us to better predict phenological responses to climate change and extreme events.
